In the present study, the effectiveness of tetramethyl ammonium hydroxide (TMAH) in removing benzotriazole (BTA) layer from Cu surface after chemical mechanical polishing (CMP) is evaluated through electrochemical impedance spectroscopy studies.
Introduction
The adsorption and removal of mono layer of organic molecules on metal films occur routinely during semiconductor wet processing. For example, adsorption of benzotriazole (BTA) on Cu surface occurs during chemical mechanical polishing (CMP) of Cu surface using a slurry containing BTA [1, 2, 3] . This makes the Cu surface more hydrophobic and leads to post CMP defects such as watermarks during drying and particles onto the surface [4, 5] . Thus, the Cu surface needs to be treated with suitable chemistry to remove the adsorbed BTA layer. Various cleaning formulations have been studied for post Cu CMP cleaning process [6] [7] [8] . Based on the Cu-BTA Pourbaix diagram, Murarkami et al. [6] studied the performance of a cleaning solution containing oxalic acid, anionic surfactants and water for removing BTA from Cu surface and showed that a cleaning solution with pH 2.4 showed better performance than the conventional acidic solution with pH 4.2. Otake et al. [7] showed that BTA could be effectively removed by various cleaning solutions, but their compositions were not disclosed. Ein-Eli and Starosvetsky [8] evaluated two commercial post CMP cleaning solutions using potentiodynamic polarization experiments and found that etching of Cu in these solutions were associated with deposition of corrosion products on the Cu surface. Here also, the exact compositions of the commercial products are not disclosed. Tetramethyl ammonium hydroxide (TMAH) is one of the candidates investigated for the removal of organics and particles from the Cu surface [9] [10] [11] [12] . In our previous studies, we proposed a cleaning solution containing TMAH as cleaning agent, arginine as complexing agent, uric acid as corrosion inhibitor and water as diluent [13] .
Techniques such as X-ray photoelectron spectroscopy (XPS) [14] and Time -off -flight secondary ion mass spectrometer [15] have been employed to evaluate the organic layer removal by cleaning agents. Electrochemical impedance spectroscopy (EIS) measurements could be another choice to evaluate the organic removal from metallic surfaces. Lin et al [1] evaluated the kinetics of cleaning performance of citric acid solution in removing organic residues such as BTA, 5-Aminitetroazole and 1-phenyltetrazolethiol by measuring in situ open circuit potential value in a microfluidic device. Electrochemical impedance spectroscopy is a powerful technique to investigate the processes occurring at the solid-liquid interface [16] . However, in EIS technique, the conventional experimental procedure do not allow us to evaluate the cleaning performance of the system in situ. The reason is, the typical post Cu CMP cleaning processing time is just one minute whereas the EIS measurement in suitable frequency range takes relatively longer time and during that time, the interaction between the surface and the solution cannot be prevented. This means, the solid/liquid interface could not be same at the beginning and end of the measurement. EIS data is valid only if the system returns to the original state at the end of measurement and thus, the in situ EIS measurement methodology is not suitable for characterizing the effectiveness of post CMP cleaning solution. Recently post etch residue (PER) removal from Cu surface by choline chloride -malonic acid mixture was characterized and it was reported that the in situ EIS measurements were not very sensitive since the film is very thin and the removal occurs within minutes [17] . Hence, in this present work, ex situ EIS is applied to evaluate the cleaning performance of the system. The electrical equivalent circuit (EEC) model is employed to estimate the polarization resistance and these polarization resistance values in turn are used to quantify the removal of BTA by TMAH. To our knowledge, this is the first report on using EIS to quantify the effectiveness of post-CMP cleaning of Cu. We found that the suggested methodology is sensitive in evaluating removal efficiency of the cleaning agent, especially when the cleaning rate is very high i.e. cleaning time is less than typical EIS measurement time. Besides post Cu cleaning process, the same methodology could be adapted to quantify organic removal from the metallic surface in other immersion cleaning process also such as PER removal from the metallic surface..
Experimental
All the electrochemical experiments were carried out using a potentiosatat (VersaSTAT, Princeton applied research, USA) in a conventional three electrode system. The working electrode is Cu and is treated with various solutions. The reference and counter electrode are Ag/AgCl (Satd. KCl) and platinum mesh, respectively. All the electrolyte solutions were prepared from analytical grade chemicals and deionized water. The ex situ EIS measurements applied in this study were conducted as follows: the Cu surface is dipped It must be noted that potentiodynamic polarization studies can also been used to estimate the corrosion current and potential [18] , from which the efficiency of the cleaning process can be calculated. However, if the surface passivated in the electrolyte under anodic conditions, then the potentiodynamic polarization studies would not yield accurate estimates of the corrosion current. To complement the electrochemical studies, the surface of the copper is characterized using contact angle measurements, Field emission scanning electron microscopy (FE-SEM) and X-ray photoelectron spectroscopy (XPS) measurements. The above measurements are carried out when the surface is in dry state. The contact angle of Cu surface was measured using a static contact angle analyzer (Phoenix 300, SEO, Korea). The surface of bare Cu and
Cu treated with cleaning solutions at various conditions were characterized by FE-SEM (Mira3, TESCAN, USA) and XPS (Sigma probe, Thermo VG, UK). show that the low frequency impedance magnitude is actually less than that of bare Cu surface. Thus at least 0.5% (wt) of TMAH is necessary to completely remove BTA from the Cu surface.
Results and Discussion

EIS Measurements of Cu-BTA-TMAH System
The impedance spectrum of an electrochemical system which is causal, linear and stable during EIS measurement will obey Kramers Kronig transform (KKT) (19) . All the impedance spectra presented here were validated with KKT. Electrical equivalent circuit in Figure 2 accounts for the presence of film [20, 21] and is used to model the impedance data. In the above circuit model, R s represents the solution resistance. Q 1 and R 1 are the capacitance and resistance associated with the passive film. Q 2 and R 2 represent the capacitance and resistance associated with electrical double layer and charge transfer resistance at metal/electrolyte solution interface [21] . The polarization resistance is calculated by adding R 1 and R 2 since the presence of BTA film affects both the parameters [21, 22] . The simulated value of impedance data is shown in the Figure 3 along with the experimental values and the best fit parameters are shown in the Table I .
From the polarization resistance values, the surface coverage of the corrosion inhibitor can be calculated [22] [23] [24] . Hence, the cleaning performance of the system could be estimated using the following relation respectively. The removal rate is roughly linear with treatment time.
Complementary techniques
Potentiodynamic polarization plots were also obtained for 0.5% (wt) TMAH as a function of dipping time and the results obtained are shown in Figure 5 . The corrosion potential (E corr ) and the corrosion current density (I corr ) values, estimated from these plots by Tafel extrapolation method, are given in the Table III . Since, in certain cases, the kinks were observed in the anodic and cathodic region of the polarization curves, the estimated I corr values reported in Table III would not be very accurate. However, the overall trend of I corr vs time is along the expected lines. Both the decrease in E corr value and the increase in I corr value with the treatment time clearly correspond to the removal of BTA from the Cu surface. Similar to impedance measurements, R p values can be estimated from the cathodic and anodic slopes of potentiodynamic polarization curves using Stern -Geary equation [18] and the values obtained are reported in Table III XPS analysis of bare copper and copper treated with three different solutions (1. only BTA, 2. only TMAH, 3. BTA followed by 0.5% TMAH) were carried out to determine the status of the surface and also to identify the organic residues, if present. The spectrum of Cu, O and N are shown in Figures 9 (a-c) . The Cu 2p spectrum exhibits two main peaks, Cu 2p 3/2 and Cu 2p 1/2 at the binding energies of 931.8 eV and 951.5 eV in addition to the two satellite peaks at 943.6 and 962 eV. These characteristics reveal that CuO is present on the copper surface. The peak at 531.1 eV in oxygen spectrum also confirms the same. However for the bare and BTA treated Cu samples, when they are treated with TMAH solution, the satellite peaks in the Cu 2p spectrum disappear. Besides, the intensity of the CuO peak in the O 1s spectrum decreases significantly and instead, the peak at 529.9 eV, corresponding to Cu 2 O, appears. In addition, the shoulder peak at 934.8 eV, which is attributed to copper hydroxides, disappears for the TMAH treated Cu surface. These results suggests that when the Cu surface (whether it is bare Cu surface or Cu treated with BTA) is cleaned in TMAH solution, a native oxide of Cu (+1) grows on the surface during exposure to ambient. If some of the copper oxides and hydroxides on the Cu surface are removed during TMAH treatment, the impedance of the treated surface would be less than that of bare Cu and thus the XPS results corroborate EIS results. The BTA treated Cu surface exhibits a nitrogen peak at 399.6 eV, but when the surface is treated with TMAH, the nitrogen peak at 399.6 eV disappears. The small intensity peak appears at 402.4 eV corresponding to nitrogen with alkyl group appears when the Cu is treated with TMAH solutions. Thus, residues of TMAH may be present on the surface, although they do not result in a hydrophobic surface and hence are not expected to cause damage during further processing.
Conclusions
In this present study, ex situ EIS measurement is employed to study the removal of BTA from Cu surface using TMAH. EIS data were modeled by EEC and the polarization 
